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Sesame is a worldwide oilseed crop used in the food pharmacy. Its seed phenotypes determine the seed quality values. However, a thorough assessment of seed coat metabolites is lacking, and the dark pigment in the seed coat is not well-characterized. Herein, we report the isolation of melanin by the alkali method from the black and brown sesame seeds. Physicochemical methods, including scanning electron microscopy (SEM), solubility, precipitation, UV-Vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, and thermogravimetric-differential scanning calorimetry (TG-DSC), were used to characterize the sesame melanins. The results clearly showed that the isolated pigments were similar to melanin from other sources. Both melanins were heat-stable and exhibited numerous characteristic absorption peaks. Through a comprehensible LC-MS/MS-based metabolome profiles analysis of NaOH and methanol extracts of black and white sesame seeds, caffeic, protocatechuic, indole-carboxylic, homogentisic, ferulic, vanillic, and benzoic acids were identified as the potential precursors of the sesame melanin. Our findings widen our understanding of dark seeds pigmentation in sesame. Furthermore, they show that black sesame seeds are promising sources of edible melanin for food and biotechnological applications.
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INTRODUCTION

Food and nutrition play critical roles in the management, prevention, treatment, and in some cases, reversal of human diseases (1, 2). Accordingly, several advanced analytical methods have been developed to access food's quality and implement the food pharmacy, which in turn may increase consumption of healthful diets (3). Among them, metabolomics has emerged as the most important tool for chemical characterization of the metabolome underpinning the phenotype of organisms through the qualitative and quantitative analysis of all metabolites and the evaluation of changes in the metabolite profiles due to stresses or perturbations (4). It provides high-quality data on food biochemistry and helps understand biological processes (5). Metabolomics experiments usually consist of four steps: samples collection, extraction, analysis of the extract, data reduction, and statistical analyses. Of them, the extraction is the critical step that greatly affects the results (6). Only a comprehensive and repeatable extraction method may provide reliable data since the metabolites that will be identified are those that were extracted, and the conclusions will be made based on incomplete information (6, 7). In sesame, metabolomics analysis of methanol extracts identified a wide range of metabolites, including nutrients and diverse bioactive compounds, and helped understand some processes such as seed antioxidant activities and the pigmentation of flowers (8–10). However, the same analytical method applied to different colored sesame seeds unrevealed the pigments responsible for seeds' coat color variation (10). Thus, the need to evaluate other solvents and identify the most efficient for metabolites profiling analysis of sesame seeds.

Seed coat color is an important agronomic trait in sesame that determines the seed's biochemistry and influences its nutritional and therapeutical values (8, 11). It defines the consumers' preferences and negatively impacts sesame breeders' effort to meet seeds' market demands. Among the different colored sesame seeds, the dark ones are the most preferred. Thus, it is of great importance to identify the dark pigment in the sesame seeds for a better understanding of the sesame seed coat pigmentation. The black and brown colors of seeds are usually attributed to proanthocyanidins and/or melanins (12–14). In sesame, reports suggested that the dark pigment might be melanin (8, 15–19). Melanins are structurally complex polymeric pigments produced in all biological systems, including animals, plants, and microorganisms (20–22). They display different colors, including black, brown, to yellow, and are characterized as heterogenic polymers biosynthesized from oxidative polymerization of phenolic and hydroxyindole derivatives (20, 21). Natural melanins are hydrophobic and negatively charged macromolecules that are dissolvable in alkaline solutions and insoluble in water, acids, or organic solvents (23, 24). Animals and microorganisms' melanins biosynthesis, characteristics, and biological functions have been well-studied (20, 23). In contrast, limited studies were focused on melanin sources in plants. Melanin has been identified as the dark pigment in black oat (14), watermelon seeds (25), persimmon fruit skin (24), black garlic (26), and was associated with the seed coat cracking phenotypes in peanuts (27). These studies revealed that polyphenol oxidase (PPO), a nearly ubiquitous oxidoreductase enzyme in Angiosperms, is essential for melanins biosynthesis in plants (24, 25, 27, 28). It catalyzes the oxidation of phenolics to quinones, leading to enzymatic browning. PPO was identified as the key candidate causative gene of black seed pigmentation in sesame (13, 16, 18). Although the key biosynthesis gene of melanin in plants is identified, the biosynthetic pathway is still unclear. According to some studies, the potential precursors of melanin in plants are catechol, ferulic acid, gallic acid, caffeic acid, protocatechuic acid, homogentisic acid, and epigallocatechin gallate (14, 24, 26).

The typical protocol of melanin isolation includes their alkaline extraction followed by precipitation in acid conditions (14, 24, 26). To confirm the melanic nature of isolated pigments, some chemical and physical tests, including solubility, oxidation, precipitation, spectroscopy (UV-Vis and Fourier transform infrared, FT-IR), and thermal stability, are broadly used (13). In this study, the dark pigment of black and brown sesame seeds was isolated and characterized. Moreover, through a comprehensive metabolome profile analysis of black and white sesame seeds, we identified the potential precursors of the sesame melanin. This work represents a new guideline for further research on the sesame seed's coat pigmentation. Furthermore, it provides valuable data for future studies toward the identification of the most efficient extraction solvent for metabolomics analysis in sesame.



MATERIALS AND METHODS


Plant Materials

The sesame varieties (Supplementary Figure S1) used in this study were provided by the National Sesame Medium-term Genebank (Wuhan, China). They were cultivated from June to October 2020 under identical growth conditions at the experimental station of the Oil Crops Research Institute of the Chinese Academy of Agricultural Sciences (OCRI-CAAS) located in Wuhan, China (N 30.57°, E 114.30°, 27 m altitude). Seed samples were prepared after harvest by mixing seeds from 15 individual plants. Samples used for the melanin extraction were kept at the seeds room of the Institute, and those for the widely targeted metabolomic profiling analysis were stored at −80°C.



Melanin Isolation

The melanin was extracted from the black and brown seeds following previously reported methods with some little modifications (23, 24, 27). Briefly, 1 g of ground seeds was solubilized in 10 ml of 0.5 mol/L NaOH for 4 h, which generated a dark brown solution. After centrifugation at 5,000 rpm for 5 min, the supernatant was collected and filtered. The extraction process was repeated twice, and the supernatants were combined. The pooled supernatant was centrifuged again before the seed melanin was precipitated from the aqueous solution by acidification with 6 mol/L HCl at pH 2. The mixture was incubated for at least 12 h at room temperature. The crude melanin was obtained after centrifugation at 10,000 rpm for 10 min. The precipitate was redissolved in 0.5 mol/L NaOH, and 6 mol/L HCl was added again to ensure a higher purity of the melanin. Then, the precipitate of the seed melanin was washed thoroughly with distilled water until the supernatant pH became neutral. Thereafter the precipitate was sub sequentially washed with chloroform and ethanol to discard the residues of oil and other seed components. Finally, the crude seed melanin was dried overnight at 55°C, weighted, and kept for further analysis.



Melanin Characterization

The methods used to characterize the black and brown sesame seed's melanin included the morphology and size distribution, solubility, precipitation, UV–Vis absorption spectroscopy, Fourier transform infrared spectroscopy (FT-IR), and thermogravimetric-differential scanning calorimetry (TG-DSC).

The morphology and size distribution of the black and brown sesame seeds melanin pigments were examined using scanning electron microscopy (SEM, S-4800, Hitachi Co., Ltd., Matsuda, Japan) as per Wang et al. (26). Prior to the observation, the melanin powders were coated with a platinum (Pt) layer to increase the conductivity of the samples.

The seed melanin solubility, precipitation, and absorbance were analyzed following the method reported by Qi et al. (24) with little modification. The dried melanins were suspended in aqueous (distilled water and 0.5 M NaOH) and organic solvents (methanol, ethanol, chloroform, isopropyl alcohol, and hexane). The mixture of the melanin and solvent (10 mg/ml) in 10 mL tubes was kept in a water bath at 25°C for 4 h. The solubility was recorded after the mixture was centrifuged at 5,000 rpm for 5 min. For the precipitation, 125 μL of 10% FeCl3 and 80 μL of 6 mol/L HCl were added to 500 μL of the melanin solutions. The mixtures were kept at room temperature for 30 min followed by centrifugation at 10,000 rpm for 5 min. For the UV-Vis absorption spectroscopy, 10 mg of the seed and synthetic melanin was dissolved in 10 mL of 0.5 M NaOH. The UV-Vis absorption spectra of the solution were recorded on a UV- 2,450 spectrophotometer (Shimadzu, Japan) in the 220–900 nm range. The synthetic melanin (MelSYNTH, M8631) was purchased from Sigma-Aldrich (St. Louis, MO, USA). It is an L-Dopa melanin obtained from L-tyrosine in the presence of H2O2.

The FT-IR spectra of the sample were acquired using a Nicolet Is10 FT-IR spectrometer (Thermo Scientific, USA) equipped with a diamond ATR accessory as per Qi et al. (24). The measurements were conducted in the 4,000–600 cm−1 range with a 4 cm−1 optical resolution.

The TG-DSC curves were registered on NETZSCH STA 449 C (Netzsch-Gerätebau GmbH, Selb, Germany) thermal analysis instruments (29, 30). Each color seed melanin sample (10 mg) was heated from room temperature to 1,000°C at a heating rate of 10°C/min under a nitrogen flow.



LC-MS-Based Widely Targeted Metabolomics Analysis of Different Solvent Extracts of Black and White Sesame Seeds

Freeze-dried white and black sesame seed samples (Supplementary Table S1 and Supplementary Figure S1) were grounded using a mixer mill (MM 400, Retsch, Haan, Germany) with a zirconia bead for 1.5 min at 30 Hz. Further, 100 mg of lyophilized powder of each sample was extracted overnight at 4°C in 1.2 ml of 0.5 M NaOH and 70 % methanol (Supplementary Table S1). Next, they were centrifugated at 12,000 rpm for 10 min, and the supernatants were collected separately and filtrated through a 0.22 μm micropore membrane (SCAA-104, ANPEL, Shanghai, China). The extracts were conserved at −20°C up to the ultra-high-performance liquid chromatography coupled with electrospray ionization tandem triple quadrupole mass spectrometry (UHPLC-ESI-QqQLIT-MS/MS) analysis (9, 31). The QC (quality control) samples were prepared by mixing the different seed extracts. The metabolomics analysis and the qualitative and quantitative analyses of metabolites were performed similarly as we reported recently (9, 10).



Statistical Analysis

The metabolomics data quality was prior assessed, and substances with large deviations (CV value > 0.5) were eliminated. Unsupervised PCA (principal component analysis) and HCA (hierarchical cluster analysis) were performed in R (version 3.5.0) using the statistics function prcomp and the R package pheatmap (www.r-project.org). Normalized data by log2-transformation was used for Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) in R. The p and fold change (FC) values were set to 0.05 and 2.0, respectively. The differential metabolites were filtered out based on the FC and VIP ≥ 1. Venn diagrams were constructed to illustrate differences in metabolite numbers. Differential metabolites were annotated using the KEGG Compound database (http://www.kegg.jp/kegg/compound/) and further mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html). Pathways with significantly regulated metabolites were considered metabolite sets enrichment analysis (MSEA). The significance of the enrichment was determined by the hypergeometric test's p-values. Besides, GraphPad Prism v9.0.0121 (GraphPad Software Inc., La Jolla, CA, USA) was used for some graphing.




RESULTS


Variation and Morphology of Black and Brown Sesame Seeds Melanin

To determine whether the dark sesame seed pigment is melanin, we followed the previously described melanin isolation method and extracted melanin from the black and brown sesame seeds. Each colored seed was represented by three varieties (Supplementary Figure S1), and the experiment was conducted in triplicate. The morphology of melanins is an important parameter to compare melanin samples from various sources. The SEM images showed that the black and brown sesame melanin samples exhibit amorphous form without self-organization (Figures 1A,B). The melanin content in the black and brown sesame seeds ranged from 95.8 to 105.5 mg/g and 51.3 to 76.5 mg/g, respectively (Figure 2A).


[image: Figure 1]
FIGURE 1. SEM micrographs of melanin isolated from (A) black sesame seeds and (B) brown sesame seeds.
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FIGURE 2. Variation, chemical, and UV-Vis absorbance characteristics of sesame melanins. (A) variation of melanin content in black and brown sesame seeds. (B) Solubility of the black sesame melanin. The serial numbers 1–7 on the tube correspond to melanin in an alkaline solution (0.5 M NaOH), H2O (pH 6.8), methanol (80%), ethanol, isopropyl alcohol, chloroform, and hexane, respectively. (C) Precipitation of the brown sesame seed melanin. The serial numbers 1–4 correspond to melanin in a sodium hydroxide solution (1 mg/mL) + 125 μL of ddH2O, 500 μL of ddH2O + 125 μL of 10 % FeCl3, melanin in a sodium hydroxide solution (1 mg/mL) + 125 μL of 10 % FeCl3, and melanin in a sodium hydroxide solution (1 mg/mL, pH 8.0) + 80 μL of 6 mol/L HCl. (D) UV–spectroscopy absorbance spectra of a synthetic melanin and the melanin pigments isolated from black and brown sesame seeds.




Chemical and UV-Vis Spectroscopic Analyses

We tested the extracted pigments' solubility, precipitation, and absorbance to confirm their melanin nature. The black sesame pigment showed a perfect solubility in an alkaline solution (0.5 M NaOH) and could not be dissolved in water, isopropyl alcohol, chloroform, and hexane (Figure 2B). However, it was slightly soluble in methanol (80%) and ethanol. The extracted pigments exhibited precipitation in 10% FeCl3 and 6 mol/L HCl solutions (Figure 2C). The extracted pigments and synthetic melanin were dissolved in 0.5 M NaOH (1 mg/ml) to obtain their absorption in different spectra from 220 to 900 nm. The absorbance spectrum of the black seed extract included a linear increase of the absorbance from 900 to 400 nm, an exponential increase from 400 to 300 nm, then a decrease from 300 to 220 nm (Figure 2D). The brown seed melanins' absorbance spectra comprised a linear increase of absorbance from 900 to 400 nm, followed by an exponential increase of absorbance from 400 to 220 nm. In contrast to the black seed extract, the synthetic melanin absorbance spectrum showed an exponential increase from 900 to 600 nm and was almost stable between 600 and 300 nm (Figure 2D).



FT-IR and Thermal Stability

We performed the Fourier transform infrared spectroscopy (FT-IR) test to confirm that the isolated pigment from black and brown sesame seeds is melanin. The FT-IR spectra of the isolated black and brown sesame seed's pigment were similar and are shown in Figures 3A,B. The peak at 3444.6 and 3462.97 cm−1 for the black and brown seeds melanin, respectively, corresponds to the OH group, and the peaks at ~2,855 cm−1 can be attributed to the stretching vibration of the aliphatic CH groups (14, 24, 26). The characteristic strong bands at ~1,711–1,745 cm−1 can be assigned to C = O stretching (26). The absorption at 1,650–1,500 cm−1 corresponds to the vibration of aromatic ring C = C bonds or stretching of the COOH and C-N groups, or the N-H deformation (24, 26, 32). The peaks at ~1,465 cm−1 are attributed to aliphatic C-H groups in the melanin pigment, and those at ~1,090 cm−1 are assigned to the COH stretching of phenolic compounds or aromatic rings in substituted macromolecular systems (24, 26, 33). The peak centered at 1,049 cm−1 for the pigment extracted from the black sesame seeds indicates CH in-plane of aliphatic structure, which is also a characteristic of melanin pigment (24). The observed peaks at ~722 cm−1 can be attributed to out-of-plane bending of the aromatic C-H group (24).


[image: Figure 3]
FIGURE 3. Fourier transforms infrared (FT-IR) spectra of melanins isolated from black sesame (A) and brown sesame (B) seeds.


The TG-DSC analysis helps investigate processes that occur in a material under different temperature conditions. To check the thermal stability of the black and brown sesame seed's melanin, we carried out the TG-DSC analysis in an open system under nitrogen flow in the temperature ranges from room temperature to 1,000°C at 10°C/min heating rate. The TG and DSC curves of the black and brown seed melanin are presented in Figures 4A,B, respectively. The TG and DSC curves of the two isolated melanins showed similar trends with three sharps weight loss, one endothermal peak at ~110°C, and one broad exothermal peak. The combustion (weight loss) of the two melanins started at ~50°C. The weight decay was slight between ~50–210°C; logarithmic between ~210–410°C; and slight from ~410°C. The total weight loss of the black and brown seed's melanin was 83.12 and 85.09%, respectively, indicating the sesame melanin is heat-stable. The broad exothermal peak ranged from ~450–1,000°C.


[image: Figure 4]
FIGURE 4. Thermogravimetry and differential scanning calorimetry (TG-DSC) curves of melanins isolated from black sesame (A) and brown sesame (B) seeds.




Comparative Metabolite Profiles of Methanol and NaOH Extracts of Sesame Seeds

Based on the results of our recent study (10) and the fact that melanin components are primarily soluble in alkaline solvents, we performed a comparative metabolomics profile analysis of methanol and NaOH extracts of black and white sesame seeds. The aim was to investigate the effect of extraction solvents on sesame seed's metabolome profile and reveal the potential precursors of the sesame melanin. The UPLC-MS/MS-based widely targeted metabolomics analysis approach (9, 31) was applied, and three varieties of black and white sesame seeds were tested (Supplementary Table S1 and Supplementary Figure S1). In general, the total number of identified metabolites varied from 351 to 403 and 462 to 468 in NaOH and 70 % methanol extracts, respectively (Supplementary Table S1). Different classes of primary and secondary metabolites were identified, among which organic and phenolic acids, lipids, amino acids and derivatives, nucleotides and derivatives, and saccharides and alcohols were predominant (Supplementary Table S2).

To compare the seed's metabolites patterns in NaOH and methanol extracts, we performed the hierarchical cluster analysis (HCA) (Figure 5A). The samples extracted with 70% methanol clustered separately from those extracted with the NaOH solvent, indicating that the metabolite profiles of sesame seed in organic and aqueous solvents are different. Some metabolites exhibited high relative content in NaOH solvent. Principal component analysis (PCA) was further conducted to better understand the general metabolite variability between groups. As per the HCA result, samples extracted with NaOH and 70 % methanol were obviously separated, confirming that the metabolome profile of sesame seeds in methanol and NaOH solvents differed (Figure 5B). The HCA and PCA results also showed that metabolites accumulation in sesame seed is influenced by the genotypes.


[image: Figure 5]
FIGURE 5. Overview of metabolites profile of sesame seeds in methanol and NaOH extracts. (A) Heat map visualization. The profiles of all types of metabolites were normalized to complete the hierarchical clustering. Each sample is represented by one row, and each metabolite is visualized in one column. Red indicates high abundance; green indicates relatively low metabolite abundance. (B) Principal component analysis (PCA) result showing metabolite profile differences between and within groups. The sample labels are defined in Supplementary Table S1.


The differential metabolite screening was performed in the pairwise comparison between the two solvent extracts of the sesame varieties Zhongzhi28 (WS01, white seed) and Zhongzhi33 (BS01, black seed) using the criteria of fold-change (FC ≥ 2 or ≤ 0.5) and VIP > 1. The results indicated that there were 337 (94 up-regulated and 243 down-regulated) and 371 (105 up-regulated and 266 down-regulated) significantly differential metabolites between WS01-Met and WS01, and between BS01-Met and BS01, respectively. In order to identify key metabolites that were more soluble in the NaOH solvent, we constructed a Venn diagram among the up-regulated differential metabolites between WS01-Met and WS01 and between BS01-Met and BS01 (Figure 6A). There were seventy-two (72) overlapping significantly differential metabolites among the two pairwise comparisons. The overlapping metabolites are listed in Supplementary Table S3. Phenolic acids, amino acids and derivatives, and organic acids accounted for 27.78, 19.44, and 20.83%, respectively, of the key sesame seed metabolites that exhibited high relative content in the NaOH solvent extract (Figure 6B).


[image: Figure 6]
FIGURE 6. Differential metabolites between NaOH and 70 % methanol extracts of sesame seeds. (A) Venn diagram exhibiting the number of the key metabolites that exhibited high relative content in NaOH extract; (B) Classification of the 72 key metabolites that were more soluble in alkaline solution. The definition of labels is presented in Supplementary Table S1.




Potential Precursors of the Sesame Melanin

As melanin is exclusively soluble in alkaline solutions (24), we firstly identified the differential metabolites between the NaOH solvent extract of Zhongzhi28 (WS01, white seed) and Zhongzhi33 (BS01, black seed). Differential metabolite analysis revealed that there were 204 significant differential metabolites, including 101 up-regulated and 103 down-regulated between the two sesame (Supplementary Table S4). The KEGG pathway enrichment analysis of the differential metabolites indicated that they were mostly involved in the biosynthesis of secondary metabolites; tyrosine, tryptophan, pyruvate, and phenylalanine metabolisms; phenylpropanoid biosynthesis; and isoquinoline alkaloid biosynthesis (Figure 7A), supporting the melanin nature of the dark pigment. Considering the polyphenolic structure of melanin, we then compared the relative content of the differential phenolic acids in white (WS) and black (BS) sesame seeds (Figure 7B). The result indicated that caffeic acid, indole-3-carboxylic acid, indole-5-carboxylic acid, protocatechuic acid, homogentisic acid, benzamide, 2,5-dihydroxybenzoic acid, 3,4-dihydroxybenzeneacetic acid, and ferulic and vanillic acid derivatives accumulated highly in black sesame seeds. Therefore, we speculated that they might be the precursors of melanin in sesame.


[image: Figure 7]
FIGURE 7. Differential accumulated metabolites (DAMs) between white and black sesame seed in NaOH extracts. (A) KEGG annotations and enrichment results of the DAMs between white and black sesame seeds. (B) Comparison of the relative content of differentially accumulated phenolic acids between white (WS) and black sesame (BS) seeds. The definition of labels is presented in Supplementary Table S1.





DISCUSSION

Sesame is a prominent oilseed crop grown worldwide for its nutritional and therapeutical values (34, 35). Due to the huge repertory of pharmacological proprieties associated with its lignans (36–38), sesame seeds occupy an important place in food pharmacy (8). Unfortunately, the sesame seed's biological abilities are greatly influenced by the seed coat color (15, 39–41), and little is known about the dark sesame seed coat pigmentation. Therefore, this study took advantage of previous studies in sesame and other crops to isolate and characterize the dark sesame seed's pigment.

Previous studies identified PPO as the major causative gene associated with the sesame seed coat color variation (16, 18). This gene is reported to play a critical role in melanins biosynthesis in plants, including black oat, watermelon, persimmon, and black garlic (14, 24–26). In these plants, melanin was identified as the dark pigment. Therefore, we hypothesized that the dark pigment in the sesame seed coat might be melanin. Then, we successfully isolated melanin from the black and brown sesame seeds. The melanin content was higher in black sesame seeds than in brown seeds. The SEM micrographs indicated that the two melanins exhibit amorphous form without self-organization similar to those presented by Costa et al. (33). The isolated melanins were completely soluble in alkaline solutions but insoluble in water and organic solvents. Moreover, they were precipitated in FeCl3 solution and HCl. The solubility and precipitation results are consistent with those reported previously (20, 21, 23, 24). The black and brown sesame seed melanin's absorption spectra were similar to other plants' melanin UV-Vis spectrometry spectra, with an increase of the absorbance toward the decrease of the wavelength from 900 to 200 nm (13). FT-IR analysis demonstrated that the black and brown sesame seed's melanin displays characteristic absorbance peaks of natural melanin (24, 26, 42). In addition, thermal stability analysis confirmed the polyphenols' nature of the extracted pigments with a broad exothermic band at high-temperature (29). The TG-DSC results of the sesame melanin's were as per those of natural melanin from diverse sources (30). These findings collectively indicate that the black and brown colors of sesame seeds are mainly attributable to melanin pigments. The comparison of the metabolome profile of white, yellow, brown, and black sesame seeds revealed that the flavonoids content in sesame seed increase with the seed coat darkness, suggesting that some flavonoids might act as co-pigments to influence sesame seed coat color (10). In general, immersion of black sesame seeds in water for several hours usually induces a change of the solution color into slightly black, supporting that other compounds might contribute to the seed coat color variation in sesame. Therefore, further studies are required to clarify whether some flavonoids or other polyphenols are also involved in dark sesame seeds pigmentation.

Melanins are heterogenic polymers produced by oxidative polymerization of phenolic and indoles derived from aromatic amino acids (AAA) tyrosine, phenylalanine, and tryptophan (20, 21, 43). In this study, KEGG enrichment analysis of the deferential metabolites between black and white sesame seeds revealed that they were primarily involved in AAA metabolism, phenylpropanoid biosynthesis, and biosynthesis of secondary metabolites. These results demonstrate that AAA might play a critical role in metabolites variation and seed coat development in sesame. Moreover, they suggest that the shikimate pathway might be differently regulated during the different colored sesame seed development. Furthermore, by comparing the relative content of differential accumulated phenolics, we identified caffeic acid, indole-3-carboxylic acid, indole-5-carboxylic acid, protocatechuic acid, homogentisic acid, ferulic acid, vanillic acid, and benzoic acid as the potential precursors of melanin in sesame. 1, 4-dihydroxybenzene, catechol, and catechuic acid have been detected as the principal component of the black sesame melanin (19). Plant's melanin potential precursors include catechol, ferulic acid, gallic acid, caffeic acid, protocatechuic acid, homogentisic acid, and epigallocatechin gallate (13, 14, 24, 26).

During metabolomics analysis processes, the extraction step represents the most critical and heavily influences the results and final conclusions (6). In metabolomics, the principal idea is that samples to be analyzed comprise all the intact metabolites that can be extracted using different solvents or techniques (6). Different solvents generally lead to differences in the metabolome profile (6, 7). In this study, we investigated the metabolite profile of sesame seed in NaOH and methanol extracts. The seed's metabolite profiles were quite different in the two solvent extracts. Some metabolites showed high relative content in NaOH extract. The total number of identified metabolites varied from 462 to 468 and 351 to 403 in the methanol and NaOH extract, respectively. Differential metabolite analysis revealed that there were more than 330 significantly differential metabolites between the two solvent extracts. Some phenolic acids were mostly identified in the NaOH extract, suggesting that alkaline solution might be efficient in detecting metabolites related to the sesame seed coat. Taken together, these results suggest that a mixture of “methanol, water, and NaOH” might be the suitable solvent for metabolomics analysis of sesame seed. Further experiments are needed to validate this statement. Besides consistency with the observations in our recent study (10), we denoted that metabolites variability in sesame seed is greatly attributed to the seed coat colors and the genotypes.



CONCLUSIONS

Overall, this study demonstrated that the main pigments responsible for seed coat color variation in sesame are melanins. Melanins were isolated from black and brown sesame seeds in a proportion of approximatively 100 and 60 mg/g, respectively. Both the melanins showed the same physicochemical proprieties as per natural melanin in other sources. They are particularly heat-stable and comprise functional groups such as N-H, O-H, C-H, COOH, and C-N. Caffeic acid, indole-3-carboxylic acid, indole-5-carboxylic acid, protocatechuic acid, homogentisic acid, ferulic acid, vanillic acid, and benzoic acid are likely the precursors of melanin in sesame. Black sesame seeds are then promising sources of edible melanin for food and biotechnological applications.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

LW and JY: conceptualization. SD and ZL: methodology and data curation. YZ, RZ, and DL: validation and resources. ZW, AL, and WZ: formal analysis. SD: writing—original draft preparation. LW, KD, and SD: writing—review and editing. LW: project administration and funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by the Agricultural Science and Technology Innovation Project of the Chinese Academy of Agricultural Sciences (CAAS-ASTIP-2016-OCRI), the Key Research Projects of Hubei Province (2020BBA045, 2020BHB028), the Science and Technology Innovation Project of Hubei Province (201620000001048), the Fundamental Research Funds for Central Non-profit Scientific Institution (Y2019XK15-02), and the Open Project of Key Laboratory of Biology and Genetic Improvement of Oil Crops, Ministry of Agriculture and Rural Affairs, P.R. China (KF2020004).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.858673/full#supplementary-material



REFERENCES

 1. Downer S, Berkowitz SA, Berkowitz SA, Harlan TS, Olstad DL, Mozaffarian D. Food is medicine: Actions to integrate food and nutrition into healthcare. BMJ. (2020) 369:482. doi: 10.1136/bmj.m2482

 2. Witkamp RF. Nutrition to optimise human health—how to obtain physiological substantiation? Nutrients. (2021) 13:721. doi: 10.3390/nu13072155

 3. Donohue JA, Severson T, Martin LP. The food pharmacy: theory, implementation, and opportunities. Am J Prev Cardiol. (2021) 5:100145. doi: 10.1016/j.ajpc.2020.100145

 4. Scalbert A, Andres-Lacueva C, Arita M, Kroon P, Manach C, Urpi-Sarda M, et al. Databases on food phytochemicals and their health-promoting effects. J Agric Food Chem. (2011) 59:4331–48. doi: 10.1021/jf200591d

 5. Farag MA, Elsebai MF, Khattab AR. Metabolome based classification of artichoke leaf: A prospect for phyto-equivalency of its different leaf origins and commercial preparations. J Pharm Biomed Anal. (2018) 158:151–9. doi: 10.1016/j.jpba.2018.05.046

 6. Mushtaq MY, Choi YH, Verpoorte R, Wilson EG. Extraction for metabolomics: Access to the metabolome. Phytochem Anal. (2014) 25:291–306. doi: 10.1002/pca.2505

 7. Dobson G, Vasukuttan V, Alexander CJ. Evaluation of different protocols for the analysis of lipophilic plant metabolites by gas chromatography-mass spectrometry using potato as a model. Metabolomics. (2012) 8:880–93. doi: 10.1007/s11306-011-0383-3

 8. Wang D, Zhang L, Huang X, Wang X, Yang R, Mao J, et al. Identification of nutritional components in black sesame determined by widely targeted metabolomics and traditional chinese medicines. Molecules. (2018) 23:1–12. doi: 10.3390/molecules23051180

 9. Dossou SSK, Xu F, Cui X, Sheng C, Zhou R, You J, et al. Wang L. Comparative metabolomics analysis of different sesame (Sesamum indicum L) tissues reveals a tissue-specific accumulation of metabolites. BMC Plant Biol. (2021) 21:1–14. doi: 10.1186/s12870-021-03132-0

 10. Dossou SSK, Xu F, You J, Zhou R, Li D. Wang L. Widely targeted metabolome profiling of different colored sesame (Sesamum indicum L) seeds provides new insight into their antioxidant activities. Food Res Int. (2022) 151:110850. doi: 10.1016/j.foodres.2021.110850

 11. Zhang H, Miao H, Wei L, Li C, Zhao R. Wang C. Genetic analysis and QTL mapping of seed coat color in sesame (Sesamum indicum L). PLoS ONE. (2013) 8:1–10. doi: 10.1371/journal.pone.0063898

 12. Santos EL, Maia BHLNS, Ferriani AP, Teixeira SD. Flavonoids: Classification, biosynthesis and chemical ecology. Flavonoids - From Biosynth to Hum Heal. (2017):3–16. doi: 10.5772/67861

 13. Glagoleva AY, Shoeva OY, Khlestkina EK. Melanin pigment in plants: current knowledge and future perspectives. Front Plant Sci. (2020) 11 770. doi: 10.3389/fpls.2020.00770

 14. Varga M, Berkesi O, Darula Z, May NV, Palágyi A. Structural characterization of allomelanin from black oat. Phytochemistry. (2016) 130:313–20. doi: 10.1016/j.phytochem.2016.07.002

 15. Panzella L, Eidenberger T, Napolitano A, D'Ischia M. Black sesame pigment: DPPH assay-guided purification, antioxidant/ antinitrosating properties, and identification of a degradative structural marker. J Agric Food Chem. (2012) 60:8895–901. doi: 10.1021/jf2053096

 16. Wang L, Dossou SSK, Wei X, Zhang Y, Li D, Yu J. Zhang X. Transcriptome dynamics during black and white sesame (Sesamum indicum L) seed development and identification of candidate genes associated with black pigmentation. Genes. (2020) 11:1–14. doi: 10.3390/genes11121399

 17. Wang L, Xia Q, Zhang Y, Zhu X, Zhu X, Li D, et al. Updated sesame genome assembly and fine mapping of plant height and seed coat color QTLs using a new high-density genetic map. BMC Genomics. (2016) 17:1–13. doi: 10.1186/s12864-015-2316-4

 18. Wei X, Liu K, Zhang Y, Feng Q, Wang L, Zhao Y, et al. Genetic discovery for oil production and quality in sesame. Nat Commun. (2015) 6:1–10. doi: 10.1038/ncomms9609

 19. Yin P, Lu M, Kong Q, Rong R, Liu G. Structure characterization of melanin in black sesame by GC/MS. Chinese J Chromatogr. (2001) 19:3–4.

 20. Pralea IE, Moldovan RC, Petrache AM, Ilieş M, Hegheş SC, Ielciu I, et al. From extraction to advanced analytical methods: The challenges of melanin analysis. Int J Mol Sci. (2019) 20:1–38. doi: 10.3390/ijms20163943

 21. Ahmad S, Mohammed M, Mekala LP, Chintalapati S, Chintalapati VR. Tryptophan, a non-canonical melanin precursor: new L-tryptophan based melanin production by Rubrivivax benzoatilyticus JA2. Sci Rep. (2020) 10:1–12. doi: 10.1038/s41598-020-65803-6

 22. Martínez LM, Martinez A, Gosset G. Production of melanins with recombinant microorganisms. Front Bioeng Biotechnol. (2019) 7:1–14. doi: 10.3389/fbioe.2019.00285

 23. Madkhali N, Alqahtani HR, Al-Terary S, Laref A, Hassib A. Control of optical absorption and fluorescence spectroscopies of natural melanin at different solution concentrations. Opt Quantum Electron. (2019) 51:1–13. doi: 10.1007/s11082-019-1936-3

 24. Qi Y, Liu J, Liu Y, Yan D, Wu H, Li R, et al. Polyphenol oxidase plays a critical role in melanin formation in the fruit skin of persimmon (Diospyros kaki cv. ‘Heishi') Food Chem. (2020) 330:127253. doi: 10.1016/j.foodchem.2020.127253

 25. Li B, Lu X, Gebremeskel H, Zhao S, He N, Yuan P, et al. Genetic mapping and discovery of the candidate gene for black seed coat color in watermelon (Citrullus lanatus). Front Plant Sci. (2020) 10:1–10. doi: 10.3389/fpls.2019.01689

 26. Wang LF, Rhim JW. Isolation and characterization of melanin from black garlic and sepia ink. LWT. (2019) 99:17–23. doi: 10.1016/j.lwt.2018.09.033

 27. Wan L, Li B, Pandey MK, Wu Y, Lei Y, Yan L, et al. Transcriptome analysis of a new peanut seed coat mutant for the physiological regulatory mechanism involved in seed coat cracking and pigmentation. Front Plant Sci. (2016) 7:1419. doi: 10.3389/fpls.2016.01491

 28. González MN, Massa GA, Andersson M, Turesson H, Olsson N, Fält AS, et al. Reduced enzymatic browning in potato tubers by specific editing of a polyphenol oxidase gene via ribonucleoprotein complexes delivery of the CRISPR/Cas9 System. Front Plant Sci. (2020) 10:1–12. doi: 10.3389/fpls.2019.01649

 29. Fernández JM, Plaza C, Polo A, Plante AF. Use of thermal analysis techniques (TG-DSC) for the characterization of diverse organic municipal waste streams to predict biological stability prior to land application. Waste Manag. (2012) 32:158–64. doi: 10.1016/j.wasman.2011.08.011

 30. Simonovic B, Vucelic V. Hadzi-pavlovic A, Stepien K, Wilczok T, Vucelic D. Thermogravimetry and differential scanning calorimetry of natural and synthetic melanins. J Therm Anal. (1990) 36:2475–82.

 31. Chen W, Gong L, Guo Z, Wang W, Zhang H, Liu X, et al. novel integrated method for large-scale detection, identification, and quantification of widely targeted metabolites: application in the study of rice metabolomics. Mol Plant. (2013) 6:1769–80. doi: 10.1093/mp/sst080

 32. Suwannarach N, Kumla J, Watanabe B, Matsui K, Lumyong S. Characterization of melanin and optimal conditions for pigment production by an endophytic fungus, spissiomyces endophytica SDBR-CMU319. PLoS One. (2019) 14:1–15. doi: 10.1371/journal.pone.0222187

 33. Costa TG, Feldhaus MJ, Vilhena FS, Heller M, Micke GA, Oliveira AS, et al. Preparation, characterization, cytotoxicity and antioxidant activity of DOPA melanin modified by amino acids: Melanin-like oligomeric aggregates. J Braz Chem Soc. (2015) 26:273–81. doi: 10.5935/0103-5053.20140277

 34. Anilakumar KR, Pal A, Khanum F., Bawa AS. Nutritional, medicinal and industrial uses of sesame (sesamum indicum L) seeds - An overview. Agric Conspec Sci. (2010) 75:159–68. Available online at: https://hrcak.srce.hr/66001

 35. Pathak N, Rai AK, Kumari R, Bhat K V. Value addition in sesame: A perspective on bioactive components for enhancing utility and profitability. Pharmacogn Rev. (2014) 8:147–55. doi: 10.4103/0973-7847.134249

 36. Majdalawieh AF, Massri M, Nasrallah GK. A comprehensive review on the anti-cancer properties and mechanisms of action of sesamin, a lignan in sesame seeds (Sesamum indicum). Eur J Pharmacol. (2017) 815:512–21. doi: 10.1016/j.ejphar.2017.10.020

 37. Majdalawieh AF, Dalibalta S, Yousef SM. Effects of sesamin on fatty acid and cholesterol metabolism, macrophage cholesterol homeostasis and serum lipid profile: a comprehensive review. Eur J Pharmacol. (2020) 885:173417. doi: 10.1016/j.ejphar.2020.173417

 38. Andargie M, Vinas M, Rathgeb A, Möller E, Karlovsky P. Lignans of sesame (Sesamum indicum l.): a comprehensive review. Molecules. (2021) 26: doi: 10.3390/molecules26040883

 39. Kim JH, Seo WD, Lee SK, Lee YB, Park CH, Ryu HW., Lee JH. Comparative assessment of compositional components, antioxidant effects, and lignan extractions from Korean white and black sesame (Sesamum indicum L) seeds for different crop years. J Funct Foods. (2014) 7:495–505. doi: 10.1016/j.jff.2014.01.006

 40. Manini P, Panzella L, Eidenberger T, Giarra A, Cerruti P, Trifuoggi M, et al. Efficient binding of heavy metals by black sesame pigment: toward innovative dietary strategies to prevent bioaccumulation. J Agric Food Chem. (2016) 64:890–7. doi: 10.1021/acs.jafc.5b05191

 41. Yang Y, Wang J, Zhang Y, Li J, Sun W. Black sesame seeds ethanol extract ameliorates hepatic lipid accumulation, oxidative stress, and insulin resistance in fructose-induced nonalcoholic fatty liver disease. J Agric Food Chem. (2018) 66:10458–69. doi: 10.1021/acs.jafc.8b04210

 42. Kumar CG, Mongolla P, Pombala S, Kamle A, Joseph J. Physicochemical characterization and antioxidant activity of melanin from a novel strain of Aspergillus bridgeri ICTF-201. Lett Appl Microbiol. (2011) 53:350–8. doi: 10.1111/j.1472-765X.2011.03116.x

 43. Maeda H, Dudareva N. The shikimate pathway and aromatic amino acid biosynthesis in plants. Annu Rev Plant Biol. (2012) 63:73–105. doi: 10.1146/annurev-arplant-042811-105439

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dossou, Luo, Wang, Zhou, Zhou, Zhang, Li, Liu, Dossa, You and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-858673-g005.gif





OPS/images/fnut-09-858673-g006.gif
5 WS(

WSO _v

BSO1_vs_BSO1- Met





OPS/images/fnut-09-858673-g003.gif





OPS/images/fnut-09-858673-g004.gif
H

P

remporntue (€





OPS/images/fnut-09-858673-g007.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Dark Pigment in the Sesame (Sesamum indicum L.) Seed Coat: Isolation, Characterization, and Its Potential Precursors



		Introduction



		Materials and Methods



		Plant Materials



		Melanin Isolation



		Melanin Characterization



		LC-MS-Based Widely Targeted Metabolomics Analysis of Different Solvent Extracts of Black and White Sesame Seeds



		Statistical Analysis







		Results



		Variation and Morphology of Black and Brown Sesame Seeds Melanin



		Chemical and UV-Vis Spectroscopic Analyses



		FT-IR and Thermal Stability



		Comparative Metabolite Profiles of Methanol and NaOH Extracts of Sesame Seeds



		Potential Precursors of the Sesame Melanin







		Discussion



		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

The Dark Pigment in the Sesame

(Sesamum indicum L.) Seed Coat:

Isolation, Characterization, and Its
Potential Precursors





OPS/images/fnut-09-858673-g001.gif





OPS/images/fnut-09-858673-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





